The performance of different DFT ͑UDFT-IGLO, UDFT-GIAO, SOS-DFPT-IGLO͒ and hybrid-DFT approaches, as well as of HF-GIAO and MP2-GIAO methods has been compared for the calculation of , or MO 4 ͒, the DFT methods consistently remain remarkably stable. Larger basis sets change the results little, SOS-DFPT correction terms are small, and differences between different local and gradient-corrected exchange-correlation functionals are also minor. The inclusion of CHF-type coupling terms for DFT-HF hybrid functionals leads to a significant overestimate of the paramagnetic contributions, the neglect of these terms to an equally large underestimate. DFT-IGLO results for the 3d complexes show an unexpectedly large dependence on whether the metal semicore shells are localized separately or together with the valence orbitals. In this context, the PipekMezey localization scheme appears to be more stable than the more common Boys localization. The origin of the large scalar relativistic effects found for the 5d complexes is discussed by comparing results for the shielding tensors obtained with quasirelativistic and with nonrelativistic metal ECPs. Periodic trends are analyzed in terms of MO contributions to the shielding tensors. © 1997 American Institute of Physics. ͓S0021-9606͑97͒01322-6͔
I. INTRODUCTION
During the past two years, it has been shown that methods based on density functional theory ͑DFT͒ allow the quantitative calculation of the important NMR chemical shifts for ligand nuclei in transition metal compounds 1-9 ͑re-liable DFT computations for shifts of the metal nuclei themselves are also starting to emerge 10 ͒. Thus, while HartreeFock based correlated methods are still too demanding to be applied to the computation of NMR chemical shifts in transition metal compounds, DFT opens the way to a wide variety of applications. Computational studies have already been reported, e.g., for the 13 C and 17 O shift tensors of bridging and terminal carbonyl ligands, 1,3,4 for the 13 C shift tensors of interstitial carbides 5 and of a variety of other organometallic systems, 6, 7 for the 31 P shift tensors of phosphane complexes, 8 and for the 1 H shift tensors of hydride ligands. 9 The 17 O shifts of simple transition metal oxo complexes are particularly well suited for a systematic study of the merit and shortcomings exhibited by different computational approaches. They cover a large part of the oxygen chemical shift range and show a strong dependence on the metal atom and on the details of chemical bonding. [11] [12] [13] The relatively small size of many complexes allows a thorough examination of various computational aspects. Moreover, such 17 O shifts of oxo and related ligands are increasingly being used for the characterization and study of a variety of inorganic and organometallic systems. 14 We have recently 2 reported preliminary DFT results on the 17 O shifts in a number of small tetrahedral d 0 oxo complexes and showed by comparison of quasirelativistic and nonrelativistic effective-core potentials ͑ECPs͒ for the metals that scalar relativistic effects are important for the differences between 4d and 5d the complexes. Here we extend these studies to a wider range of methods ͑a number of different DFT variants, as well as HF-GIAO and MP2-GIAO͒ and basis sets to obtain a reliable background for the judgment of different approaches. The origin of the relativistic effects on oxygen shielding is discussed in more detail. In a subsequent paper, 15 we will report a number of applications to different problems in transition metal oxo chemistry. We are only aware of one previous ab initio study of ligand shifts in transition metal oxo complexes, namely a CHF-LORG study of oxothiomolybdates including MoO 4
2Ϫ
. 16 a͒ These early Hartree-Fock based calculations gave too low 17 O shielding by ϳ300-400 ppm.
II. COMPUTATIONAL METHODS
Uncoupled DFT methods ͑UDFT͒, 17 which result from the straightforward use of standard local or gradientcorrected exchange-correlation functionals within KohnSham theory, will be compared to a modification of UDFT, termed sum-over-states density-functional perturbation theory ͑SOS-DFPT͒. 18, 19 In the SOS-DFPT approach, correction terms are introduced into the energy denominators of the UDFT equations. These corrections lower the paramagnetic contributions to some extent and have been found to reduce the overestimate of these terms observed typically in UDFT calculations for main group compounds, and which might be related at least in part to the lack of current-dependent terms in the usual local or gradient-corrected exchange-correlation functionals. 20 We want to check the magnitude of the SOS-DFPT corrections for the title systems, using the LOC1 approximation of SOS-DFPT 18, 19 throughout this study. UDFT and SOS-DFPT computations with the IGLO 21 choice of gauge origin have been carried out with a version of the deMon program 22 ͑including the deMon-NMR modules 19 ͒, modified for the use of semilocal ECPs. These calculations compare the gradient-corrected PW91 23 and BP86 24, 25 functionals, as well as the local density approximation ͑with the VWN functional 26 ͒, and use auxiliary basis sets to expand the charge density and the exchangecorrelation potential. A compromise strategy discussed earlier 18, 19 was applied to obtain accurate Kohn-Sham MOs with moderate effort, by adding an extra iteration with a larger integration grid and without fit of the exchangecorrelation potential after initial SCF convergence has been reached. FINE angular grids 18, 19, 22 with 32 points of radial quadrature were used. Larger grids and auxiliary basis sets have been tested but had only a minor effect ͑generally less than 5 ppm͒ on the computed oxygen shieldings.
UDFT calculations 17 with gauge-including atomic orbitals ͑GIAO͒ 17͑b͒,17͑c͒,27 have been carried out with the GAUSS-IAN94 program. 28 The BP86 functional was used to allow the direct comparison of UDFT-GIAO data and UDFT-IGLO results obtained with the same functional. In addition, we also tested a number of hybrid functionals, where part of local exchange is replaced by exact Hartree-Fock exchange, and thus in the GAUSSIAN94 DFT-GIAO implementation 17͑d͒ coupled-Hartree-Fock ͑CHF͒ type coupling terms arise for this part of the exchange functional. The functionals used are Becke's three-parameter exchange functional, 29 ͒, all six components of Cartesian d functions were kept, and thus the orbital basis sets are identical ͑only seven components were kept for f functions within GAUSSIAN94͒. In the deMon calculations, auxiliary basis sets for the fit of the charge density and of the exchange-correlation potential 22 have been of the sizes 3,4 for the metals, and 5,2 for O ͑n,m denotes n s functions and m spd shells with shared exponents 22 ͒. As discussed previously, 2 the use of point charges ͑60 partial positive charges to compensate the anionic charges, at the vertices of a ''C 60 -like'' arrangement at a distance from the metal of 2.18 times the M-O distance͒ for the rough simulation of environmental effects ͑solvent, counterions͒ of the anionic species had only a small influence on the computed shieldings. The changes are a few ppm for the monoanions, and ϳ20-30 ppm for the dianions MoO 4 2Ϫ and WO 4
2Ϫ
, even though the free dianions exhibit positive energies for 12 occupied Kohn-Sham orbitals ͑this deficiency is removed by the point charges͒. Only for the free CrO 4 2Ϫ anion, the description of the Kohn-Sham ground state is difficult. Thus, comparisons of DFT-IGLO and DFT-GIAO calculations for this anion are based on calculations with point charges, to improve convergence. As calculations with the GAUSSIAN94 program could not be carried out with the abovementioned array of 60 point charges ͑probably due to a program limitation͒, we used instead only 8 point charges of ϩ0.25 at the corners of a cube, at 2.5 times the M-O distance from the metal ͑thus, the point charge arrangement preserves the molecular T d symmetry͒. Effects on the computed shieldings are again ϳϪ20 ppm ͑this was observed in particular for hybrid-DFT calculations, where convergence without point charges is far less problematic͒, close to the results obtained previously with 60 partial charges. For consistency, we will give in the tables only values obtained by this procedure ͑i.e., with 8 point charges͒.
For the convenient comparison of experimental and computational results at various levels, we have converted experimental 17 O chemical shifts into absolute shieldings, using a value of ϩ290.9 ppm for the absolute shielding of liquid water at room temperature. This number is based on the relative shift (ϩ350.2 ppm) of gaseous CO vs liquid water, and on the recent rovibrationally averaged CCSD͑T͒-GIAO result for ͑ 17 O,CO͒ϭϪ59.3Ϯ2 ppm given by Sundholm et al. 39 This theoretical absolute shielding scale is thought to be more accurate than the ''experimental'' scale based on spin-rotation constants, which gives ͑ 17 O, CO, molecular beam͒ϭϪ42.3Ϯ17.2 ppm. 40 However, note that environmental effects are treated only crudely or not at all in the present study, and rovibrational effects are also neglected. Thus, we will not seriously consider any discrepancies to experiment below ϳϮ20 ppm. Experimental data used are from saturated aqueous solution for the anionic systems, 11 42 and gas-phase electron diffraction results for RuO 4 and OsO 4 . 43 The DFT structure optimizations with the deMon program and with the BP86 functional used the same quasirelativistic and ͑for comparison͒ nonrelativistic metal ECPs and valence bases described above, together with an ECP and (4s4 p1d)/͓2s2p1d͔ valence basis on oxygen, 44 as well as auxiliary bases of the sizes 3,3 and 3,2 for metal and oxygen atoms, respectively.
A comparison of computed and experimental structures is shown in Table I . Scalar relativistic effects shorten the M-O distances by 0.033-0.046 Å for the 5d complexes, by 0.008-0.016 Å for the 4d species, and by 0.003-0.006 Å for the 3d compounds. In most cases, the quasirelativistically optimized distances for the isolated anions are still somewhat longer than the condensed-phase experimental data, which however provide only a rough estimate in any case. An M-O distance of ϳ1.58 Å is predicted for the experimentally unknown FeO 4 molecule.
The notation used to describe the computational level is method2//method1, where method1 describes the method at which the molecular structure was obtained, method2 the method for the shielding calculation. When ECPs are compared, QR denotes a quasirelativistic, NR a nonrelativistic ECP. Table II summarizes HF-GIAO, and MP2-GIAO results, as well as results of various DFT variants, obtained with identical ECP/basis set combinations ͑quasirelativistic metal ECP and IGLO-II basis on oxygen͒ and input structures ͑ex-perimental values͒. The relative performance of ab initio vs DFT methods may be inferred best from Fig. 1 , in which the compounds are ordered in the direction of decreasing shielding, and which includes the uncoupled BP86-GIAO results as an example for the performance of DFT. While the agreement of the DFT results with experiment is good ͑see detailed discussion in Sec. IV͒, the HF results give generally too low shielding, and the MP2 data exhibit still larger errors in the shielding direction. While these HF vs MP2 oscillations start moderately with ϳ140 ppm for the most shielded species, WO 4
III. PERFORMANCE OF HF-GIAO AND MP2-GIAO

2Ϫ
, they increase quickly with lower shielding, i.e., when the paramagnetic contributions become larger. For OsO 4 , the oscillations are already in the range of ϳ2300 ppm, which is comparable to results for ozone, a molecule studied frequently as a critical test case for quan- 17 O shielding constants ͑ppm͒ from UDFT-GIAO, UDFT-IGLO, SOS-DFPT-IGLO, HF-GIAO, AND MP2-GIAO calculations. tum chemical methods, due to its large correlation contributions ͑see below͒. 21, 45, 46 In the case of MnO 4 Ϫ , the oscillations are ϳ60 000 ppm, i.e., still more than an order of magnitude larger. Test calculations on FeO 4 ͑QR//QR͒ gave values outside the default output format of the program ͑99 999.999͒, which we did not attempt to modify ͑for these extreme cases, the exact numbers are obviously meaningless, and probably even subject to numerical instabilities͒.
Thus, not too surprisingly, the HF and MP2 levels of theory fail for these compounds, which are known to exhibit very large electron correlation effects already in their ground states. 47 The observed errors correlate reasonably well with the magnitude of the paramagnetic contributions, which in turn increase with decreasing energy differences between occupied and virtual Kohn-Sham MOs, i.e., with increasing accessibility of low-lying excited states ͑cf. Sec. V͒.
As the case of ozone appears to be closely related to the present systems with respect to the importance of electron correlation, Fig. 2 compares graphically the results obtained by different workers at various computational levels for the chemical shielding of terminal and central oxygen nuclei in this molecule. In contrast to the poor performance of Mo "ller-Plesset perturbation theoretical treatments (MPn-GIAO), 45, 46 multiconfigurational SCF calculations ͑MC-IGLO͒ 21 give reasonable results for this system, indicating the importance of nondynamical correlation. For the oxo complexes studied here, the large size of the active space needed ͑which would have to include also the metal d shell͒ up to now has prevented MC-IGLO or MC-GIAO calculations. Alternatively, Gauss and Stanton have shown 45 that CCSD͑T͒-GIAO calculations also perform well for ozone, demonstrating the robustness of this approach with respect to nondynamical correlation ͑the perturbative inclusion of triple excitations is important, and CCSD performs somewhat inferior 46 ͒. Unfortunately, the CCSD͑T͒-GIAO approach, 45 probably the most powerful ab initio method presently available for chemical shielding calculations ͑except for full configuration interaction͒, has also as yet been too demanding to be applied to the systems studied here. The good performance of the DFT-IGLO methods for ozone has already been observed previously, 18, 19 and is confirmed by the present extended-basis UDFT-IGLO and SOS-DFPT-IGLO results ͑Fig. 2͒.
IV. COMPARISON OF DIFFERENT DFT APPROACHES
A. UDFT-GIAO vs UDFT-IGLO methods, dependence of UDFT-IGLO on the localization procedure
The uncoupled BP86-GIAO and BP86-IGLO results of Table II are plotted in Fig. 3 . In view of the large correlation effects for many of the oxo complexes in this study, the overall agreement with experiment is remarkable. Closer inspection indicates differences, in particular for the 3d complexes. Two different localization schemes ͑using the common Boys localization 48 ͒ have been tested for the IGLObased calculations: In our preliminary work, 2 we localized only the oxygen 1s shells separately, whereas the metal semicore (nϪ1)s,p orbitals were localized together with the valence orbitals. In a new scheme, these semicore orbitals were also considered separately. While such slightly differ- 4 , respectively. The BP86-GIAO data come out in between the two different BP86-IGLO values. In contrast, the change resulting from separate localization is much smaller with the heavier metals, ϳ10 ppm more deshielding for the 4d complexes, ϳ10 ppm more shielding for the 5d complexes. Here the agreement between BP86-GIAO and BP86-IGLO data is also much closer ͑for the remaining small discrepancies, the use of auxiliary basis sets in the deMon calculations, and possible differences in numerical integration within GAUSSIAN94 and deMon also have to be considered͒.
These findings are consistent with the well-known fact 47 that the semicore 3s and 3p orbitals of the 3d metals have similar radial extent as the valence 3d orbitals and thus experience strong ͑repulsive͒ interactions with the ligand orbitals. Some known consequences are large nondynamical correlation effects, as well as the existence of low-lying excited states. 47 As another apparent consequence, the present IGLO-based results are unusually sensitive to the localization scheme. Probably the GIAO-based data are more reliable in this context. We find the influence of the localization on the results to be essentially independent of the exchangecorrelation functionals and of the basis set used on oxygen.
To investigate whether this unexpectedly large dependence on the localization scheme is related to remaining delocalization tails of LMOs obtained by the Boys procedure, we have also tried the more recent ''population localization'' procedure of Pipek and Mezey ͑PM͒. 49 The PM scheme is known to give smaller delocalization tails. The resulting LMOs feature -separation for multiple bonds, independent of the actual molecular symmetry ͑the Boys scheme instead favors ''bananalike'' bonds͒. Thus, for the present oxo complexes, PM localization gives two -type and one -type LMOs for each M-O bond. Indeed, as shown in Table II , a modified ''IGLOPM'' algorithm based on PM localization appears to be much more stable with respect to separate or joint treatment of metal semicore and valence shells ͑the largest changes are ϳ20 ppm for 3d systems, only a few ppm for the heavier metals͒. The results with separate localization are essentially identical to the original results obtained with the Boys procedure ͑cf. Table II͒ . Joint localization gives much more deshielded values than the corresponding results from the usual IGLO scheme, much closer now to the values obtained with separate localization. As the results obtained for the 3d complexes are also in closer agreement with experiment for separate localization of semicore and valence shells, we will in the following discussion only refer to calculations carried out with this procedure ͑based on the traditional Boys algorithm͒. Nevertheless, the unexpectedly large dependence of the IGLO-based results on the localization of the metal semicore orbitals should be kept in mind.
Another observation, independent of the actual localization procedure employed, is that our DFT-IGLO calculations give a slight scatter of the shielding values for the four symmetrically equivalent oxygen nuclei, by ϳ12 ppm Ϫ . Apart from a violation of molecular symmetry by the LMOs, the numerical integration procedure may also contribute to the scatter of values ͑these calculations do not employ symmetry͒. The data given in the tables are generally averages over all four oxygen nuclei.
B. SOS-DFPT corrections
As discussed above, the simple uncoupled Kohn-Sham method ͑UDFT͒ gives already reasonable agreement with experiment. From Tables II-IV one may infer that in most cases SOS-DFPT corrections are minor ͑ϳ10-20 ppm for Obviously, environmental effects ͑solvent, counterions͒ need to be kept in mind ͑note also the sensitivity to the IGLO localization procedure discussed above͒, such that the observed discrepancies do not appear particularly large in any case.
While too large shielding at the UDFT level is somewhat unusual, it is not completely singular: In DFT studies of 57 Fe and 103 Rh shifts, Bühl et al. 52 found that gradientcorrected exchange-correlation functionals underestimate the paramagnetic contributions and thus reproduce only ϳ60% and ϳ90% of the experimental 57 Fe and 103 Rh shielding ranges, respectively. In these cases, the simple SOS-DFPT corrections also will obviously go into the wrong direction. Bühl showed 10 that hybrid functionals ͑B3LYP and B3PW91 23, 29 ͒ perform dramatically superior for these Fe and Rh shifts, for reasons which are not yet fully understood. It appears possible, however, that local ͑e.g., d→d*-type͒ transitions, which are expected to be important for transition metal shifts, 53 are not well described by the usual gradientcorrected functionals. Exact-exchange mixing ͑and the resulting CHF-type coupling terms, see below͒ appears to provide just the right amount of deshielding to correct these deficiencies for Fe and Rh shifts. This is not the case for the 17 O shieldings studied here, where inclusion of CHF-type coupling terms for hybrid functionals gives too large paramagnetic shifts ͑see below͒.
Extrapolating our DFT results for the two known 3d complexes, CrO 4 2Ϫ and MnO 4 Ϫ , to the unknown FeO 4 , we expect that the true 17 O shielding for this molecule is some 100 ppm lower than computed at the UDFT-GIAO level, i.e., in the range of ϳϪ1300 to Ϫ1350 ppm. This would lead to a predicted relative 17 O shift ͑vs H 2 O liq. ͒ of ϳ1600 ppm, somewhat larger than we assumed previously, 2 in any case at the very upper end of the known oxygen shift range. 12, 13 The shielding range spanned within a given group thus increases from ϳ415 ppm (MO 4
2Ϫ
) to ϳ660 ppm (MO 4 Ϫ ) to ϳ800-850 ppm (MO 4 ), consistent with the overall increased paramagnetic contributions along this series. Table III shows that the change from the IGLO-II to the larger IGLO-III basis on oxygen increases the shielding only very slightly ͑by ϳ10-20 ppm͒. While the deMon results have generally been obtained without f -functions due to program limitations, UDFT-GIAO results with GAUSSIAN94, with and without a metal f -function for MnO 4 Ϫ and ReO 4 Ϫ , differ by less than 5 ppm. Even the use of the large, uncontracted 18s13p4d basis on oxygen ͑see computational details section͒ changes the results by only a few ppm. Thus, the basis sets are relatively uncritical in the present DFT calculations.
C. Basis set effects, performance of different exchange-correlation functionals
Results obtained with the gradient-corrected BP86 and PW91 functionals ͑Table III͒ or even within the local density approximation ͑VWN functional, see Table IV͒ differ typically by less than 10 ppm. In contrast, DFT-GIAO calculations with hybrid functionals ͑see Table V and Fig. 5͒ give much more deshielded values than UDFT-GIAO results with the gradient-corrected BP86 functional, and they are in poorer agreement with experiment. Figure 5 shows that the errors of the hybrid functionals increase with lower shielding, i.e., with increasing paramagnetic contributions. This behavior parallels the increasingly poor HF-GIAO performance ͑Fig. 1͒ albeit in a less dramatical fashion. As a check of the importance of CHF-type coupling terms for the observed behavior of the hybrid methods, we have also carried out calculations in which these coupling terms have been neglected, i.e., we used a UDFT-type ansatz based on the B3PW91 Kohn-Sham MOs. The results are given in paren- Fig. 5 . Obviously, these B3PW91-GIAO͑UDFT͒ results underestimate the paramagnetic contributions considerably, resulting in too much shielding. This is not surprising, considering the fact that, e.g., compared to BP86 results, exact-exchange mixing increases the gap between occupied and unoccupied Kohn-Sham MOs by ϳ1.5-2.0 eV, mainly due to a stabilization of the occupied MOs. 54 The importance of CHF-type coupling terms for the overestimate of paramagnetic contributions with hybrid functionals may also be inferred from the fact that the performance of the ''half-and-half'' BHLYP functional, which incorporates 50% HF exchange, is still considerably poorer than that of the B3LYP and B3PW91 functionals, which only feature 20% HF exchange. Differences between the latter two functionals are minor, with the B3LYP results being slightly more deshielded. Thus, in contrast to Bühl's 57 
Fe and 103
Rh shielding results discussed above, 10 the use of hybrid functionals does not provide higher but lower accuracy for the present examples. The search for a ''universal'' functional is still a challenge.
V. SCALAR RELATIVISTIC EFFECTS, ORIGINS OF PERIODIC TRENDS
The magnitude of scalar relativistic effects on the oxygen shifts in our test set of tetrahedral oxo complexes has already been reported in our preliminary communication 2 and is summarized in Table VI ͑the present data refer to UDFT-IGLO results with separate localization, whereas our previous data were SOS-DFPT results with the old localization procedure͒, together with the individual components and anisotropy values of the shielding tensors. Figure 6 shows graphically how both the relativistic contraction of the M-O distances and the relativistic change in the electronic structure at a given M-O distance modify the isotropic oxygen shielding in the 5d complexes. Both effects are shielding, for reasons we will discuss below. As the relativistic effects are much smaller for the 4d and 3d complexes, they change the periodic trend within a given group ͑6, 7, or 8͒ by increasing the difference in the shielding of 4d and 5d complexes. In particular, completely nonrelativistic calculations ͑NR//NR͒ would predict a decrease in the shielding from MoO 4 2Ϫ to WO 4 2Ϫ , in contradiction to experiment. Note that, due to the somewhat larger computed ͑//QR͒ than experimental ͑//expt.͒ M-O distances ͑Table I͒, the QR//QR calculations give somewhat lower shielding than the QR//expt. ones ͑and thus overall poorer agreement with experiment, cf. Tables II and  VI͒, except for MnO 4 Ϫ where the computed distance is shorter.
Table VI also shows that scalar relativistic effects increase both parallel and perpendicular shielding tensor components significantly for the 5d complexes ͑the tensors all have axial symmetry within numerical accuracy, due to the threefold symmetry axis through the M-O bond͒. Interestingly, the relativistic changes are such ͑see Fig. 7͒ that a lower absolute value of the shielding anisotropy, ⌬, is obtained. Thus, the positive anisotropy value for OsO 4 is reduced ͑i.e., the parallel component, ʈ , is increased more than the perpendicular one, Ќ ͒, and the negative value for WO 4 2Ϫ as well ͑i.e., Ќ is affected more͒. The absolute shielding anisotropy for ReO 4 Ϫ is so small at this computa- IV͒ gives a different picture, based on the relative magnitude of contributions from -and -bonding LMOs. Canonical MO analysis affords still another, alternative description, on which we will focus below, as it relates our results to previous rationalization attempts.
11
The large range covered by the oxygen chemical shifts in transition metal oxo complexes has stimulated interest early on. It was found already by Kidd, Figgis, and Nyholm, 11 that the shifts correlate well with the frequencies of the lowest-energy electronic transitions. These authors assumed that the same transitions are also responsible for large paramagnetic contributions to the oxygen shifts. Of course, the optical and magnetical selection rules differ, and a correlation between chemical shifts and optical spectra requires that the energies of the dominant magnetically allowed tran- 
a Uncoupled PW91-IGLO results with IGLO-II basis on oxygen and separate localization. sitions ͑which contribute to the paramagnetic shifts͒ and of the optically allowed transitions change in parallel. This does indeed seem to be the case. Figure 8 shows a qualitative diagram of the frontier MOs in the oxo complexes studied, together with the major ''transitions'' ͑pairs of occupied and virtual orbitals͒ which contribute to oxygen shielding. Tables VII and Tables VIII sum- marize the computed Kohn-Sham MO energies and the individual canonical MO contributions to the components of ( 17 O) at different levels of treating scalar relativistic effects. These data have been obtained in UDFT calculations with a common gauge origin at the metal. 56 Such calculations turn out to be meaningful, as the differences to the corresponding UDFT-IGLO results are minor and systematic ͑cf. Table VI͒ . This is consistent with our general experience that the substitution of heavy-atom core shells by ECPs tends to reduce gauge-origin dependencies.
Tables VII and VIII show that the t 2 (n) MO Thus, relativity influences oxygen shielding in these species largely via contributions from the highest occupied MOs t 2 (n) and t 1 (n), largely due to ʈ p ͑however, contributions to Ќ p from the latter MO should also be noted͒. Changes within a row ͑i.e., from MO 4 2Ϫ to the isoelectronic MO 4 ͒ are also due mainly to changes in the contributions from these two MOs, and thus predominantly due to ʈ p . The fact that the t 2 (n) MO is more important than the t 1 (n) MO is somewhat surprising and contradicts the reasoning of Ref. 11 . Table X show that relativistic effects increase the bond ionicity and thus the negative charge on oxygen. This is our general observation for early 5d metals in high formal oxidation states and is due to the relativistic expansion of the metal 5d orbitals, 58 which facilitates charge transfer to the ligand ͑note the lower 5d population͒. Apart from many other potential consequences for the chemistry of such systems, this increased charge separation will also reduce p via the r Ϫ3 factors occuring in the sum-over-states expression. Thus, two out of three influences controlling the individual contributions to p , the ⌬E Ϫ1 and the r Ϫ3 factors, are relativistically reduced to a significant extent. This probably accounts for the large influence of relativity on the oxygen shielding in these systems. Table XI shows the NPA results for the whole set of species ͑with quasirelativistic ECPs at the experimental structures͒. The negative charge on oxygen increases considerably down a given group but decreases of course from group 6 to group 8 ͑i.e., from dianions to monoanions to neutral complexes͒. The bulk of the variations within a group is due to the metal d-populations. Thus, in addition to large variations in the energy gaps between occupied and virtual MOs, we also find major changes in the electronic charges. Both effects influence the paramagnetic shielding terms ͑cf. above͒. This may explain the large shielding range covered by these simple complexes.
VI. CONCLUSIONS
The oxygen nuclear shieldings in the simple test set of tetrahedral d 0 oxo complexes considered in this work cover a large range and are thus particularly valuable in assessing the performance of various theoretical approaches for their calculation. At the deshielded end of the series, the influence of electron correlation is very large, and the simplest ''conventional'' ab initio methods employed ͑HF-GIAO, MP2-GIAO͒ are inadequate. In contrast, various approximate DFT approaches considered perform remarkably well throughout the whole range of systems covered. This suggests that DFT methods for the computation of nuclear shieldings are adequate even in cases of strong electron correlation effects, as was found previously, e.g., for the ozone molecule. 18, 19 The sensitivity to basis sets and to different gradient-corrected or local exchange-correlation functionals has been found to be low for the present examples. However, hybrid DFT/HF functionals overestimate the paramagnetic contributions considerably, due to the influence of the resulting CHF-type coupling terms. SOS-DFPT correction terms in contrast are found to be small for the present examples, and even uncoupled DFT with ''pure'' local or gradient-corrected functionals performs excellently.
The origin of the large scalar relativistic effects found for the 5d complexes has been traced back in part to relativistically increased energy denominators for a few key contributions to the sum-over-states expression for p . However, the relativistically increased charge transfer to oxygen will also act to reduce p via the r Ϫ3 dependency of the sumover-states terms. Both ⌬E Ϫ1 and r Ϫ3 factors also have to be considered to explain the observed periodic trends in oxygen shielding.
Due to their low computational cost, DFT methods like the ones validated here may be used for the calculation of nuclear shielding in much larger systems ͑previous applications have already involved a considerable number of multinuclear transition metal clusters 3,5,9
͒. A whole range of applications may be envisioned, not only throughout transition metal oxo chemistry. Some initial examples from the latter field will be discussed in a subsequent paper. 15 Note added in proof. After acceptance of this paper, a UDFT-GIAO study of the same systems appeard ͓G. Schreckenbach and T. Ziegler, Int. J. Quant. Chem. 61, 899 ͑1997͔͒.
17 O shieldings obtained with the BP86 functional and a quasirelativistic perturbation scheme agree well with our quasirelativistic EPC results at the corresponding UDFT-GIAO level ͑cf. Table II͒ , and the nonrelativistic results of the two studies also agree. Discrepancies to our earlier DFT-IGLO results are mainly due to the localization scheme used, as we discussed in the text. 
